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ABSTRACT: Due to the annual pilgrimage of Hajj, the city of Makkah attracts around 2.5 million people from 
diverse backgrounds around the world. Many of these pilgrims may not have experienced conditions like the hot 
arid summer climate of Makkah. The pilgrims spend long hours exposed to high air temperatures and intense 
solar radiation levels while travelling between the Holy Sites of Makkah. The thermal discomfort they face can 
become extreme, leading to heat exhaustion or heatstroke that is severe enough to cause death. This research 
investigated a digitally-modelled expandable shading system that sort to mitigate this thermal stress at a 
microclimate level. The simulations used local data weather and quantified comfort conditions in terms of the 
Universal Thermal Comfort Index (UTCI) and operative temperature. The results showed a significant 
improvement in the thermal comfort when the expandable shades were applied, with the average yearly 
operative temperatures reducing by around 16%. For the most arduous and populated pilgrimage day of Hajj, 
the results indicated a 35% temperature difference between shaded non-shaded areas at the peak times and, for 
the same day, the solar radiation analysis yielded a reduction of around 90% between the shaded and the non-
shaded areas.  




The Saudi Arabian city of Makkah hosts the annual 
Islamic pilgrimage event of the Hajj. Around 2.5 
million pilgrims assemble in Makkah over a 1-week 
period. Pilgrims visit four holy sites, walking 
significant distances (as much as 50 km) and 
spending, in total, 20 to 30 hours outside. Hajj can 
take place during the Saudi summer when Makkah’s 
air temperatures may exceed 43°C [1].  
Illness at Hajj associated with heat stress is a 
major concern [2] that will only increase with 
predicted future climate change in the region [3].  
Adapting the pilgrim routes to provide adequate 
thermal comfort conditions is crucial as a wide range 
of people - young and old, healthy, and poorly, from 
countries all around the world – go to Makkah [4].  
This study investigated how the microclimate 
experienced by pilgrims walking between the holy 
sites might be improved. A parametric analysis of 
different urban solar shading options was undertaken 
digitally using a range of simulation software to 
identify the best combinations of shade shape, size 
and height. Significant improvements in local air 
temperatures under the shading systems were 
achieved, which could then be related to improved 
thermal comfort conditions. 
 
2. LITERATURE REVIEW 
One of the main goals of designing and planning 
urban spaces is to make them comfortable and 
attractive to the people who use them [5]. The main 
factor that determines whether an urban space is 
comfortable is the microclimate. A major case study 
related to this research is the shading of the 
Prophet’s Mosque in Madinah, Saudi Arabia [6]. 
The work of Otto and Rasch helped in mitigating 
the discomfort of the prayers within the semi-urban 
context of two courtyards within the Mosque by the 
use of kinetic shading devices (Fig. 1) [6].  
 
 
Figure 1: The Inner courtyard of the Mosque of Madinah 
showing its shading system [6]. 
 
               
 
Figure 2: A microclimate regulation study for the courtyard in the Prophet's Mosque in Madinah [7]. 
 
The shading of the Prophet’s Mosque took the 
form of retractable white canopies that could be 
either kept closed, remain unfolded and opened 
throughout the day or opened intermittently in 
response to environmental conditions via the use of 
automatic controls. The results from the study by 
Rasch [7], as seen in Fig. 2, shows how the canopies 
could reduce shade air temperatures by 10.4°C in the 
morning by around 08:00 compared to the ambient 
value. 
Sijiny [8] examined pedestrian flows between the 
Hajj’s holy sites and considered various lightweight 
shading alternatives to protect the pilgrims. It was 
noted that the shaded route will increase the number 
of pedestrians and decrease vehicle usage. As well as 
the severe climatic conditions, the density of the 
people gathering for Hajj can increase microclimatic 
temperatures within the crowd. A modelling study by 
Chen et al [9] simulated the conditions of the Hajj 
disaster on 24th September 2015, where crowds 
collided at the intersection of two roads. The study 
estimated that the temperature in the middle of the 
crowd might have almost reached 50°C. 
The potential risk to life for pilgrims to Hajj highlights 
the importance of trying to improve their 
microclimate as they move between the holy sites to 
reduce thermal stress. In this study, the effectiveness 
of large expandable shading systems along the 
pilgrim routes that open and retract in a manner 
similar to a parasol is considered. A recent review of 
other mitigating strategies to improve the thermal 
environment and thermal comfort of urban outdoor 
spaces has been given by Lai et al [10], who found 




3. THE ROUTE OF HAJJ 
When people arrive at Makkah, they start 
performing a series of religious tasks, while wearing 
the garment of Hajj (two white pieces of clothes that 
are wrapped around the upper body and the lower 
body for men with no other layers). Most people 
keep this garment on until the end of Hajj, which 
starts after the declaration of Hajj [6]. 
On the morning of the eighth day of the Islamic 
lunar month of Thul-Hijjah, on which the actual Hajj 
(pilgrimage) starts, the pilgrims begin to go to Mina. 
On the next morning, often before sunrise to avoid 
the later heat of the sun, people in Mina usually start 
travelling the 14 kilometres to Arafat toward Namirah 
Mosque. The percentage of the pilgrims who choose 
to walk this route exceeds 30% of the total travellers 
[7]. After the sunset of the nineth day, people go back 
to Muzdalifah where around 85% of pilgrims stay the 
night. On the tenth day, people who spent the night 
in Muzdalifah, go to the three individual places of Al-
jamarat, where they perform a religious rite of 
stoning the devil’s pillars. After that, the pilgrims go 
back to Mina to rest. During the eleventh and 
twelfth-days people start going back to Makkah from 
Mina. 
The distances walked by pilgrims during the five 
days of Hajj can be significant – perhaps 30 to 50 km 
in total. In particular, people endure a great deal of 
walking and tiring activities during the 14 km journey 
between Mina and Arafat (Fig. 3) [11]. For that 
reason, this route was the proposed location for the 
shading system investigated in this study. The 
advantage of allocating objects in this location is that 
it will protect the vast majority of pilgrims from heat 
stress. This is particularly important as many of the 
pilgrims come from places around the world where 
 
they are physiologically adapted to their own cooler 
climates and so are likely to find Makkah’s hot and 
arid climate very discomforting [12]. 
 
 
Figure 3: Routes and distances of Hajj pilgrimage [11]. 
 
4. METHODOLOGY 
4.1 Climate analysis 
The climatic analysis of this study focused on the 
holy sites in Makkah, especially during the Hajj 2019 
period of 9th – 14th August. Two software were used 
for the study: Climate Consultant 6.0 and LadyBug 
Grasshopper [13]. The weather file for Arafat was 
chosen for the analysis as it was the closest site for 
this research. These data analyses were acquired 
using historical weather data and were logged in 
Grasshopper and LadyBug’s components to illustrate 
different data for the 2019 Hajj, such as dry bulb 
temperature, relative humidity, global horizontal 
solar radiation and wind speed (Fig. 4). The weather 
analysis for August shows that for most times 




Figure 4: Arafat, Makkah - August hourly output of the dry 
bulb temperature (top right), relative humidity (top left), 
global horizontal radiation (bottom left) and global wind 
speed (bottom right). 
 
The Arafat weather file that was obtained from 
the LadyBug website (ladybug.tools/epwmap2019) 
was in a standard EnergyPlus EPW weather file 
format. The data readings gave a clear picture of the 
climatic behaviour for the years provided, and it was 
clear that the Arafat climate was hot and arid climate. 
After analysing the Arafat climate data, four hourly 
worst-case scenarios (in terms of thermal comfort) 
were identified, when the dry bulb temperatures and 




Figure 5: Worst-case scenarios of air temperature and 
relative humidity from the Arafat weather file. 
 
4.2 The Universal Thermal Comfort Index (UTCI)  
In order to study the impact of the proposed 
shading system on microclimate comfort, it was 
necessary to identify an outdoor thermal comfort 
index. Although many such indices have been 
developed over the last twenty years, most of them 
only consider the role of a single climatic parameter, 
such as solar radiation or wind speed, on comfort. 
The Universal Thermal Climate Index (UTCI) has 
the benefit of combining four climatic variables (air 
temperature, radiant temperature, humidity, and 
wind speed) and calculating a temperature that ‘feels 
like’ being exposed to those combined weather 
conditions [14]. Another advantage of the Universal 
Thermal Climate Index for this study, when compared 
to other indices, such as the Physiologically 
Equivalent Temperature (PET), is its capability to 
adjust the assumed outdoor clothing level of people, 
whereas the PET uses a standard clothing level [15]. 
The advantage here is knowing that the Makkah 
context embraces different cultures with different 
clothing expectations besides the clothing of Hajj, 
where men are expected to wear two white garments 
during the days of the pilgrimage. This suggests that 
the UTCI is more appropriate to illustrate the thermal 
physiological stress than the PET. It is also a more 
recently developed thermal model [15]. 
Table 1 shows the range of UTCI ‘feels like’ 






Table 1: The UTCI ‘feels like’ temperatures in °C and the 
equivalent thermal stress. 
 
UTCI range in ℃ Stress category 
above +46 extreme heat stress 
+38 to +46 very high heat stres 
+32 to +38 high heat stress 
+26 to +32 moderate heat stress 
+9 to +26 no thermal stress 
0 to +9 slight cold stress 
-13 to 0 moderate cold stress 
-27 to -13 high cold stress 
-40 to -27 very high cold stress 
Below -40 extreme cold stress 
 
4.3 Modelling procedure for the shading devices 
The modelling and simulation of the proposed 
shading systems were undertaken using Rhinoceros 
3D software with Grasshopper to calculate values of 
UTCI, operative temperatures and incident solar 
radiation levels. The simulations were based on an 
example performed by Mackey using LadyBug Tools 
[16]. The climatic data were obtained from the 
LadyBug Tools LLC website for EPW maps [17] where 
the climatic data of Arafat - the nearest location of 
the tested area - was connected to the algorithmic 
process of the simulation. For modelling purposes, a 
square-shaped shading canopy model was found to 
be the most practical. The canopy was 15m high and 
30 x 30m in plan, giving an extendable area of up to 
900m2 (Fig. 6). These dimensions were suggested 
based on the size of the pedestrian paths between 
Mina and Arafat, Makkah. The canopies were formed 
as a 9-unit (3x3) cluster to shade the chosen location 
around Arafat. The materials were assumed to be 
solid with zero transmittance properties as it was 
found that, in terms of shade benefits, the shades’ 
materials had minimal impact when made of a low 
thermal mass fabric [18]. 
 
 
Figure 6: Details of the modelled canopy shading device. 
 
5. RESULTS 
5.1 The UTCI temperatures 
The performance of the proposed device was 
quantified in terms of the UTCI values created under 
the canopy measured over a grid of 5m at a height of 
1m above the ground for the 10th August 2019 
(max/min DBT of 37⁰/31⁰C, RH 48-62%, wind speed 
1.9 to 5.5 m/s). Fig. 7 shows the average UTCI values 
with the canopy retracted and extended. Average 
UTCI dropped from 36.5°C (strong heat stress) to 
31.5°C (moderate heat stress). 
 
 
Figure 7: Average UTCI for 9-cluster shading of the site on 
10th August (retracted [above] and extended [below]). 
 
Hourly operative temperatures for the 10th 
August for extended and retracted canopy scenarios 
were also examined (Fig. 8). Temperature differences 
between shaded and sunlit areas start to appear at 
07:00, where the sunlit area was around 38.6°C while 
the shaded area was around 34.5°C. The biggest 
difference in operative temperatures between the 
shaded and non-shaded areas was around 16°C at 
09:00 and 17:00. The last time to record a difference 
was 18:00, when the non-shaded area was around 
46.8°C while the shaded area was around 38.6°C (Fig. 
9). After that time, the sun had set, and no further 
differences were found. 
 
 
Figure 8: Hourly operative temperatures differences (°C) 
between the shaded and non-shaded areas, 10th August.  
 
 
Figure 9: Operative temperatures at the site on 10th August 
at (top to bottom) 07:00; 09:00; 17:00 and 18:00 (shading 
extended [left] and shading retracted [right]). 
 
5.2 The solar radiation analysis 
The solar radiation analysis results showed large 
difference between shaded areas and the exposed 
sunlit areas. The analysed period was between the 
9th – 13th August for the hours 09:00 – 15:00. The 
shades affected the radiation levels significantly. 
Solar radiation values outside the shaded area 
exceeded 24 kWh/m2, while inside the shaded area 
they were between 9.41kWh/m2 and 2.35kWh/m2 
toward the central area of the shades, rising to 
16.47kWh/m2 at the boundary of the 
shaded/unshaded areas (Fig. 10). 
 
5.3 The shading benefits analysis 
For a whole year, a visual scale of comfort (-3 to 
+3, where -3 indicates extremely cold and +3 
extremely hot), was produced for shade and no shade 
areas, which showed the year-round benefits of 
shading the chosen urban area in Makkah (Fig. 11). It 
showed that there was an extreme discomfort for 
most of the year between the hours of 09:00 and 
18:00. The simulation showed that for around 41% of 
the time during the year people felt heat stress 
outdoors, around 19% of the time people felt cold 
stress and around 27% of the time people felt 
comfortable outdoors. During the Hajj period, people 
felt heat stress for almost all the time outdoors. The 
shading system helped mitigating the thermal 
discomfort for the pedestrians walking beneath them 
during the year (Fig. 11 below).  
 
 Figure 10: Solar radiation levels for the modelled canopy 
shading device, 9-13 August, between 09:00 and 15:00. 
 
 Figure 11: Annual outdoor comfort levels without (above) 
and with (below) the shading canopies. 
 
A visual illustration with a scale of degree days/m2 
was made to show the best location to walk beneath 
the shade and was calculated for the whole year (Fig. 
12). The degrees per day are representing the 
balance temperature difference between the external 
air temperature and the temperature at a point 
under the shade on an hourly basis for the analysed 
period per square metre. The smaller the 




Figure 12: The shade benefit analysis, where the darker blue 
areas are the best locations to walk beneath the shading 
device.  
 
Finally, an analysis calculated the number of hours 
of direct sunlight received at the site on 10th August 
from 9:00AM to 15:00PM when the shading devices 
were expanded and retracted. Fig. 13 shows how the 
very minimal shade provide by the support stands 
and the folded shading led to sunshine hours on the 
ground of between 9 and 10+ hours of direct sunlight. 
Conversely, with the shading fully extended, the 
direct sunlight hours were typically 1 to 2 hours. 
 
 
Figure 13: Sunshine hours for 10 August from 9:00AM to 




This study has examined the effect on outdoor 
pedestrian comfort of a cluster of prototype shading 
canopies. There was a significant improvement in the 
thermal comfort when the canopies were opened, for 
both daily and yearly periods. A significant increase in 
the thermal comfort was found when the canopies 
were applied. The benefits outreached the Hajj 
period to be suitable for the most year. Further work 
will investigate integrating other passive cooling 




1. Abdou, A. E. A., (2014). Temperature trend on Makkah, 
Saudi Arabia. Atmos. Clim. Sci., 4: p. 457–481. 
2. Abdelmoety D. A., N.K. El-Bakri, W. O. Almowalld, Z. A. 
Turkistani, B. H. Bugis, E. A. Baseif, M. H. Melbari, K. AlHarbi 
and A. Abu-Shaheenet, (2018) Characteristics of heat illness 
during Hajj: A cross-sectional study. Biomed Res. Int., 2018: 
p. 1-6. 
3. Kang, S. J. S. Pal and E. A. B. Eltahir, (2019). Future heat 
stress during Muslim Pilgrimage (Hajj) projected to exceed 
‘Extreme Danger’ levels,” Geophys. Res. Lett., 46: p. 10094–
10100.  
4. General Authority for Statistics in Saudi Arabia, (2019). 
Hajj Statistics Report 1440H-2019G, Hajj Stat. 2019 - 1440, 
2019, p. 51. 
5. Maruani, T. and I. Amit-Cohen, (2007). Open space 
planning models: A review of approaches and methods. 
Landsc. Urban Plan., 81: p. 1–13. 
6. Werkbund Bayern and Museum Villa Stuck(1995)., Frei 
Otto, Bodo Rasch : finding form : towards an architecture of 
the minimal : the Werkbund shows Frei Otto, Frei Otto 
shows Bodo Rasch : exhibition in the Villa Stuck, Munich, on 
the occasion of the award of the 1992 Deutscher Werkbund 
Bayern prize to F, 3. ed. Axel Menges. 
7. Rasch, B., (1980). Die Zeltstadte des Hadsch/The Tent 
Cities of the Hajj, Stuttgart 1980 (= Universitat Stuttgart, 
Mitteilungen des Instituts ffir leichte Flachentragwerke, no. 
29) 
8. R. S. Sijiny, (2016). Lightweight interventions as solutions 
to the annual pilgrimage to Makkah (The Hajj): The role of 
shading structures for pedestrians walkways. Unpublished 
Masters disssertation, Univeristy of Vienna. 
9. Chen, L., C. R. Jung, S. R. Musse, M. Moneimne, C. Wang, 
R. Fruchter, V. Bazjanac, G. Chen and N. I. Badler, (2017). 
Crowd simulation incorporating thermal environments and 
responsive behaviors. Presence, 26, No. 4: p. 436–452.  
10. Lai, D., W.Liu, T. Gan, K. Liu and Q. Chen, (2019). A 
review of mitigating strategies to improve the thermal 
environment and thermal comfort in urban outdoor spaces. 
Science of the Total Environment, 661: p. 337–353. 
11. El Hanandeh, A. (2013). Quantifying the carbon 
footprint of religious tourism: the case of Hajj. Journal of 
Cleaner Production, 52: p. 53-60.  
12. General Authority for Statistics in Saudi Arabia, (2018). 
Hajj Statistics, Hajj Stat. 2018-1439. 
13. LadyBug Tools LCC, (2019). LadyBug for Grasshopper,  
https://mostapharoudsari.gitbooks.io/ladybug-
primer/content/. 
14. Mackey, C., T. Galanos, L. Norfordand, M. S. Roudsari, 
(2017). Wind, sun, surface temperature, and heat island: 
critical variables for high-resolution outdoor thermal 
comfort. Proc. 15th IBPSA Conference, San Francisco, CA, 
USA, Aug. 7-9: p. 985-993. 
15. Matzarakis, A., S. Muthers and F. Rutz, (2014). 
Application and comparison of UTCI and PET in temperate 
climate conditions. Finisterra, 49: p. 21–31. 
16. LadyBug Tools LLC, (2019). Urban Microclimate - Simple 




17. LadyBug Tools LLC, (2019). EPWMAP - Arafat :: 410320 :: 
ISD-TMYx. https://www.ladybug.tools/epwmap/. 
 18. Mackey, C., M.S. Roudsari, P. Samaras, (2015). 
ComfortCover: A Novel Method for the Design of Outdoor 
Shades. 
https://www.ladybug.tools/assets/pdf/ComfortCover_SIMA
UD_2015.pdf/. 
